Effect of Fluid Shear Stress on Endocytosis of Heparan Sulfate and Low-density Lipoproteins by Barkefors, Irmeli et al.
Hindawi Publishing Corporation
Journal of Biomedicine and Biotechnology
Volume 2007, Article ID 65136, 8 pages
doi:10.1155/2007/65136
ResearchArticle
Effect of Fluid Shear Stress on Endocytosis of Heparan Sulfate
and Low-density Lipoproteins
Irmeli Barkefors,1,2 Cyrus K. Aidun,1 a n dE .M .U l r i kaE g e rt s d o t t e r 3
1Department of Biomedical Engineering, George W. Woodruﬀ School of Mechanical Engineering,
Georgia Institute of Technology, Atlanta, GA 30332, USA
2Department of Medical Biochemistry and Microbiology, Uppsala University, 75123 Uppsala, Sweden
3Biotechnology and Genetics program, College of Natural Resources, Virginia Polytechnic Institute and State University, Blacksburg,
VA 24061, USA
Correspondence should be addressed to E. M. Ulrika Egertsdotter, uegertsd@vt.edu
Received 30 April 2007; Revised 9 October 2007; Accepted 11 December 2007
R e c o m m e n d e db yA l iA .K h r a i b i
Hemodynamic stress is a critical factor in the onset of atherosclerosis such that reduced rates of shear stress occurring at regions
of high curvature are more prone to disease. The level of shear stress has direct inﬂuence on the thickness and integrity of the
glycocalyx layer. Here we show that heparan sulfate, the main component of the glycocalyx layer, forms an intact layer only on cell
surfaces subjected to shear, and not under static conditions. Furthermore, receptor-mediated endocytosis of heparan sulfate and
low-density liporoteins is not detectable in cells exposed to shear stress. The internalized heparan sulfate and low-density lipopro-
teins are colocalized as shown by confocal imaging.
Copyright © 2007 Irmeli Barkefors et al. This is an open access article distributed under the Creative Commons Attribution
License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly
cited.
1. INTRODUCTION
Atherosclerosis appears as a focal inﬂammatory disease at ar-
terial tree bifurcations and junctions, as well as in regions
with high curvature. Mechanical stresses due to blood ﬂow
are of major pathophysiological importance throughout the
atherosclerotic disease process [1]. The relatively straight re-
gions in the arteries, with high hemodynamic shear stress
(>10 dynes/cm2), show higher resistance to disease develop-
ment compared to bifurcation regions or sections with high
curvature where ﬂow separation and recirculation result in
low-average shear stress [2] or low-oscillatory shear index
[3].
Thehemodynamicstressstimuliaretransmittedthrough
theendothelialcellsurfacelayer,theglycocalyxlayer,toreach
the endothelial cell surface and generate an intracellular re-
sponse[4,5].Thereisevidenceindicating thattheglycocalyx
has an important role as a transducer of mechanical forces to
the intracellular cytoskeleton in the initiation of intracellular
signaling [6]. In both micro- and macrovasculature, it have
been demonstrated that constituents of the glycocalyx are in-
volved in vascular homeostasis, such as maintaining the vas-
cular permeability barrier, regulating the release of nitric ox-
ide, and harboring a wide array of enzymes that might con-
tributetoitsvasculoprotectiveeﬀect[6].Theglycocalyxlayer
is an organized mesh of membranous glycoproteins, proteo-
glycans, glycosaminoglycans (GAGs), and associated plasma
p r o t e i n st h a tc a nr e a c hu pt o3µm into the vessel lumen [7].
Diﬀerent components of the glycocalyx layer play diﬀerent
roles during mechanotransduction [4]. Heparan sulfate, the
most common GAG associated with 50 to 90% of the pro-
teoglycans, has been shown to act like a mechanosensor for
shear stress [8]. Shear stress has also been increasing the in-
corporation of hyaluronic acid into the glycocalyx [9].
It has been suggested that the glycocalyx layer physically
shield the endothelial cell surfaces from attachment and up-
take of damaging macromolecules in regions of low shear
stress prone to vascular disease. The observed reduced thick-
ness of the glycocalyx layer under low shear would then ac-
count for the higher rate of onset of disease in these regions
[6]. Furthermore, by monitoring the shear stress-induced
NO production, it was recently shown that the diﬀerent gly-
cocalyx components to diﬀerent degrees diminish the eﬀect
of shear stress [4].
During noninﬂammatory conditions, macromolecules
cross the endothelium by transcytosis that is a restricted2 Journal of Biomedicine and Biotechnology
direct transport through the endothelial cells, a process that
requires endocytosis and exocytosis [10]. The transcytotic
pathway appears to be aﬀected by shear as indicated by shear
d e p e n d e n c eo fa l b u m i nu p t a k ei ni nv i t r o - c u l t u r e de n d o t h e -
lial cells [11]. Macromolecules also pass across the endothe-
lial monolayer through cell-cell junctions that can become
“leaky”duringinﬂammationwhengapsareinducedbetween
endothelial cells at the level of adherens and tight junctional
complexes [10] .T h et r a n s p o r to fa l b u m i na c r o s sa ni nv i t r o
endothelial monolayer is acutely and reversibly sensitive to
shear, possibly due to transient, shear-dependent widening
of the intracellular junctions [12].
In the present study, we focus on the eﬀects of shear
stress on the thickness of the glycocalyx layer and uptake of
LDL molecules into endothelial cells. The approach is to (1)
characterize shear eﬀects on the heparan sulfate component
of the glycocalyx layer and (2) explore the hypothesis that
the glycocalyx layer is shielding the endothelial cells by pre-
venting active endocytosis of potentially hazardous bioactive
molecules. In vitro experiments comparing the glycocalyx
layer of live PAEC exposed to ﬂow shear stress, to cells under
static conditions, show signiﬁcantly higher heparan sulfate
staining on the surface of cells exposed to ﬂow shear stress.
Furthermore, the presence of heparan sulfate within the gly-
cocalyx on the endothelial cell surface exposed to shear stress
is associated with lower levels of lectin and LDL uptake in
comparison to the cells exposed to no ﬂow.
2. MATERIAL AND METHOD
2.1. Cellsmediumandstains
PAEC(CellApplicationInc.,Calif,USA)atpassages1–5were
grown to conﬂuency on ﬁbronectin-coated cover slides in
complete medium (EGM-MV, Cambrex, NJ, USA). Prior to
introduction of the conﬂuent cells into the ﬂow chamber, the
mediumwaschangedtoDMEM+Hepes(Cambrex)supple-
mentedwith10%fetalbovineserumand2mML-glutamine.
The ﬂow experiments were conducted with this medium.
Medium was also changed in control cells that were kept in
stationary conditions.
The cells were stained for heparan sulfate using 10µg/mL
Texas Red- or FITC-conjugated lectins (Vector laboratories,
Calif, USA) 10µg/mL (Lycopersicon esculentum) in DPBS.
3µM Celltracker Orange (Cambrex) or 0.5µg/mL Hoechst
(Cambrex) was used as counter stain in some of the experi-
ments. Staining was performed in stationary condition and
samples were incubated for 60 minutes in 37◦Co r4 ◦C. To
prevent endocytosis, the cells were treated with 1µM phenyl
arsine oxide (PAO) in serum-free medium (DMEM, Cam-
brex) for 45 minutes prior to staining and 1µM PAO was in-
cluded in the staining solution.
2.2. Shearstressexperiments
Cells were exposed to steady laminar shear stress for 24 or 48
hours in a perfusion chamber keeping a constant tempera-
ture of 37◦C and a 5% concentration of CO2 in the medium.
The height of the chamber was 2.5mm and the ﬂow rate
10mL/min, creating a wall shear stress in the middle of the
channel equal to 11dynes/cm2 (1.1Pa). The ﬂow proﬁle was
determined by computing the Poisuille proﬁle in the channel
andverifyingtheproﬁleusingmicroparticleimagevelocime-
ter, µPIV (data not shown).
Cells were monitored during shear exposure using an in-
verted light microscope and images were taken using sim-
ple PCI imaging system. After removal from the chamber,
the samples were washed in DPBS and stained. Images were
collected using a Zeiss 510 confocal microscope and pro-
cessed using Zeiss 510 image browser. All experiments were
repeated three times.
2.3. Heparinasetreatment
Following shear stress exposure, cells were treated with Hep-
arinase III (Sigma-Aldrich, Miss, USA) by incubation with
enzyme (1U/mL) in 20mM Tris-HCl buﬀer (pH 7.5, 4mM
CaCl2, 0.1mg/mL BSA) for 45 minutes. Control cells were
kept stationary and treated identically. The cells were then
stained for heparan sulfate using Texas Red-labeled lectins
as described above. A control sample was incubated with
serum-free medium only and stained with lectin identically.
2.4. Fixationandantibodystaining
Fixation of the cells was performed by 4% paraformaldehyde
appliedtothemonolayerimmediatelyafterremovalfromthe
ﬂow chamber. Cells were ﬁxed for 15 minutes and washed 3
times for 10 minutes in DPBS containing 2mM glycine and
stained for heparan sulphate using either lectins (LEA) or
antiheparan/heparan sulfate human monoclonal antibodies
(MAB2040, Chemicon, Millipore, Mass, USA). CellTracker
Orange (Cambrex) was used to stain the cytoplasm.
2.5. LDLuptakeandimmobilization
After shear stress exposure for 24 or 48 hours, conﬂuent
PAEC were incubates with ﬂuorescence-labeled low-density
lipoprotein (DiI-LDL, L-3482, 10µg/mL, Invitrogen, Md,
USA) and FITC-LEA (Vector laboratories, 10µg/mL) in
DPBS for 60 minutes, 37◦C5 %C O 2. For all the experiments,
a control was kept in static ﬂow conditions. The distribution
of intracellular stain and stain immobilized on the surface
was examined with confocal microscopy.
3. RESULTS
The eﬀect of shear stress on the glycocalyx structure was ex-
amined by exposing PAEC to shear stress at 11dynes/cm2
f o r2 4o r4 8h o u r s ,i nc o m p a r i s o nt oc o n t r o lc e l l ss u b -
jected to no ﬂow in static culture conditions. The gly-
cocalyx layer was visualized by staining of live cells with
Texas Red-conjugated lectin LEA speciﬁc for heparan sul-
fate, the main component of the glycocalyx layer. In cells
subjected to shear stress (see Figures 1(a) and 1(b)), it is
observed that heparan sulfate accumulates on the cell sur-
face in addition to some intracellular staining. The layer
of heparan sulfate stain on the cell surface is more promi-Irmeli Barkefors et al. 3
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Figure 1: Eﬀects from ﬂow on the thickness and integrity of the glycocalyx layer of PAEC exposed to ﬂow shear stress at 11dynes/cm2 and
under static conditions for control. The glycocalyx layer is visualized under the confocal microscope through staining of heparan sulfate
with Texas Red-conjugated lectin after diﬀerent times in culture. (a) Cells exposed to ﬂow shear stress for 24 hours, (b) cells exposed to
ﬂow shear stress for 48 hours, and (c) cells grown under static conditions for 24 hours. The images are cross-sections of the cell monolayer
z = 0.5–2µm with z = 0 at the glass surface. Large arrows indicate approximate ﬂow directions. Small arrows indicate the distribution of
the stain, predominantly located in the interior of the cells not exposed to shear stress compared to the shear-exposed cells where it is most
abundant at the surface. Figures 1(d) and 1(e) are the cross-sections from the side of the stack of images created with confocal microscopy
with (d) cells exposed to shear stress for 24 hours and (e) cells grown under static conditions for 24 hours.
(a) (b) (c)
Figure 2: Role of endocytosis on the internalization of FITC-conjugated lectins. PAEC exposed to ﬂow shear stress at 11dynes/cm2 and
under static conditions under diﬀerent temperatures that are permissive for endocytosis (37◦C; control) and nonpermissive (+4◦C). The
glycocalyx layer is visualized under the confocal microscope through staining of heparan sulfate with FITC-conjugated lectin (green) and
counter stained with CellTracker Orange (red) after diﬀerent times in culture. (a) Cells exposed to ﬂow shear stress for 24 hours at +4◦C, (b)
cells grown under static condition for 24 hours at +4◦C, and (c) cells grown under static conditions for 24 hour at 37◦C. Internalized FITC
stain appears yellow.
nent after 48 hours of shear stress (see Figure 1(b)). Cells
grown under static condition show continuous staining of
heparan sulfate throughout the cell except for the nucleus
(see Figure 1(c)). When examining the cross-section of the
confocal image stacks, small amounts of heparan sulfate
stain are observed within the cells subjected to ﬂow, and a
clear layer of heparan sulfate stain on the cell surface (see
Figure 1(d)).Incellsgrownunderstaticcondition,itisfound
thattheheparansulfatestainisdispersedwithinthecells(see
Figure 1(e)).
Themechanismfortranslocationofheparansulfatestain
to the inside of the cells is investigated by performing the
heparan sulfate experiments with treatments (low tempera-
ture or endocytosis inhibitor) that reduce or block active up-
take by endocytosis. In these experiments, the cytoplasm is
stainedwithCellTrackerOrangetorevealtheexactoutlineof
the cells. To avoid overlap in ﬂuorescence, FITC-conjugated
lectin LEA is used to stain for heparan sulfate. Cells grown
for 24 hours under shear stress at +4◦C or under static con-
ditions at 37◦Ca n d+ 4 ◦C are stained for heparan sulfate and4 Journal of Biomedicine and Biotechnology
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Figure 3:Eﬀectsof PAOoninternalization ofFITC-conjugatedlectins.The GL isvisualized under theconfocal microscope throughstaining
of heparan sulfate with Texas Red-conjugated lectin after 24 hours in culture. (a) Cells grown in static condition, 45 minutes prior to staining
medium were changed to EMDM with 10µM Phenyl Arsine Oxide to prevent endocytosis, (b) cells grown under static condition. Images
are cross-sections of the cell monolayer z = 0.5–2µm with z = 0 at the glass surface, (c) cross-sections from the side of the stack of images of
(a) created with confocal microscopy, and (d) cross-sections from the side of the stack of images of (b) created with confocal microscopy.
counterstained with CellTracker Orange. The results of these
experiments show that cells are stained yellow for heparan
sulfate(combination of FITCand CellTracker Orange) in the
cell interior and green (FITC) on the outside (see Figure 2).
Cells grown under shear for 24 hours at 4◦C show signiﬁcant
presence of heparan sulfate on the outside of the cells (see
Figure 2(a)).Therearelessstainingforheparansulfateonthe
outside of the cells grown under static condition at 4◦C (see
Figure 2(b))o r3 7 ◦C (see Figure 2(c)). Staining of the cells at
+4◦C prevented the uptake of heparan sulfate almost com-
pletely in the cells subjected to shear stress (see Figure 2(a))
as well as in the control cells grown in static condition at
+4◦C (see Figure 2(b)).
Additional experiments to verify the uptake of heparan
sulfate by endocytosis is done by adding the endocytosis
inhibitor PAO prior to staining with Texas Red-conjugated
lectins. This treatment considerably reduces the internaliza-
tion of stain in treated cells grown under static condition
(see Figure 3(a)) compared to untreated control cells (see
Figure 3(b)). The reduction in uptake by addition of PAO is
conﬁrmed by examination of the cross-section of the con-
focal stacks showing limited heparan sulfate inside the cells
after PAO treatment (see Figure 3(c)), compared to uniform
distribution throughout the cell interior in the control cells
(see Figure 3(d)).
The heparan sulfate detected internally appears to be
taken up through endocytosis as discussed above. To ex-
amine the eﬀect from the presence of heparan sulfate in
the glycocalyx layer on endocytosis, heparan sulfate is re-
moved enzymatically from the cell surface before staining
(see Figure 4). The detectable heparan sulfate on the outside
oftheheparinase-treatedcellsissigniﬁcantlyreducedinboth
cells subjected to ﬂow for 24 hours (see Figure 4(a)) and in
the static control cells (see Figure 4(b)), indicating success-
ful removal of heparan sulfate from the cell surface. Stain-
ing, however, appeared on the inside of the control cells (see
Figure 4(b)) similarly to nontreated cells with intact heparan
sulfate layers (cf. Figure 1(c)). Addition of heparan sulfate to
the control cells before staining also did not aﬀect the uptake
of stain (data not shown).
The long-term objective of this study is to gain insight in
the eﬀect of the glycocalyx layer on the uptake of LDL dur-
ing the earlier stages of atherosclerosis in areas of low shear.
To this end, the role of the glycocalyx layer on uptake of LDL
by endothelial cells is examined in cells subjected to shear
stress as well as control cells. Cells grown under shear stress
for 24 hours, 48 hours, and under static condition are si-
multaneously incubated with ﬂuorescence-tagged LDL (DiI-
LDL) and heparan sulfate stain (FITC-LEA). The cells ex-
posed to shear stress for 24 hours (Figure 5(a)) show sig-
niﬁcantly less macromolecule uptake compared to the con-
trol (see Figure 5(c)). The cells exposed to shear for 48 hours
show almost no uptake of LDL (see Figure 5(b)). Cross-
sectionsoftheconfocalimagestacksrevealthelocationofthe
LDL to the surface membrane after shear stress (see Figures
5(d)and5(e)for24hoursand48hours,resp.)andalsototheIrmeli Barkefors et al. 5
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Figure 4: Eﬀects of enzymatic removal of heparan sulfate before heparan sulfate staining of PAEC grown under diﬀerent ﬂow conditions for
24 hours. The glycocalyx layer is visualized under the confocal microscope through staining of heparan sulfate with Texas Red-conjugated
lectin. (a) Cells grown for 24 hours exposed to laminar shear stress of 11dynes/cm2 and then treated with HepIII for 45 minutes before
staining, (b) control cells grown under static conditions for 24 hours before treatment with HepIII staining. Images are cross-sections of the
cell monolayer z = 0.5–2µm with z = 0 at the glass surface, (c) cross-sections from the side of the stack of images of (a) created with confocal
microscopy, and (d) cross-sections from the side of the stack of images of (b) created with confocal microscopy.
insideofthecellsunderstaticcondition(seeFigure 5(f)).Ex-
amination with multichannel confocal microscope revealed
that a large proportion of the internalized LDL (red) were
colocalized with the heparan sulfate stain (green) appearing
yellow as seen in Figure 5(c).
Treatment of the cells with PAO, in addition to the LDL
andheparansulfatestain,reducedtheinternalizationofboth
LDL and heparan sulfate stain (see Figure 6(a))c o m p a r e dt o
the control without PAO (see Figure 6(b))a sc o n ﬁ r m e db y
the cross-section images presented in Figures 6(c) and 6(d),
respectively.
4. DISCUSSION
Considerable eﬀort is underway to better understand the
underlying pathophysiology of atherosclerosis and the fun-
damental biology and biomechanics of atherosclerotic le-
sion. In order to aid in clinical prevention, it is important
to understand the mechanism through which lesion forma-
tion preferentially occurs in localized regions with low shear
stress. It has been suggested that the surface layer of the en-
dothelial cells, the glycocalyx layer, is playing a role in pre-
venting the onset of vascular disease due to its shielding
properties preventing inﬂammatory substances to reach the
surface of the endothelial cell. Experimental data have con-
ﬁrmed that the properties of the glycocalyx layer change un-
der diﬀerent shear stress regimes [7].
In the present study, we have utilized confocal imaging to
investigate the eﬀect of ﬂow stress on the thickness, molec-
ular composition, and function of the glycocalyx layer of in
vitro endothelial cells. Accurate visualization of the glycoca-
lyxlayerofendothelialcellischallengingascommonﬁxation
procedures collapse part of the glycocalyx structure. The gly-
cocalyx layer of endothelial cells has, however, been mostly
examined by staining after ﬁxation of in vitro or in vivo en-
dothelial cells [7, 11, 13]. To obtain a more accurate view of
the complete glycocalyx layer, we have used live cells to an-
alyze the structure and thickness of the glycocalyx layer by
staining for heparan sulfate.
It has previously been shown by cell culture studies that
the thickness of the glycocalyx layer increases by 74% when
the laminar shear stress is increased from 1.0Pa to 3.0Pa
[11]. Furthermore, shear stress at 40dynes/cm2 for 24 hours
signiﬁcantly increased GAG synthesis and the presence of
GAGs on the cell surface and in the solubilized matrix, sug-
gesting that the higher levels of heparan sulfate under shear
stress is partly accounted for by unbound molecules associ-
ated with the glycocalyx layer [14]. The level of shear stress
has also been shown to have a positive relation to glycocalyx
layer thickness in vivo in mice aorta, such that endothelial6 Journal of Biomedicine and Biotechnology
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Figure 5: Flow eﬀects on the glycocalyx layer and uptake of LDL. PAEC incubated with LDL after exposure to diﬀerent conditions of ﬂow.
The glycocalyx layer is visualized under the confocal microscope through staining of heparan sulfate with FITC-conjugated lectin (green)
and LDL added as DiI complex (red) after diﬀerent times in culture. (a) Cells exposed to ﬂow shear stress for 24 hours, (b) 48 hours, and
(c) cells grown under static conditions for 24 hours. Internalized LDL appears yellow when colocalized with heparan sulfate stain. (d) Cross-
section from the image stacks created with confocal microscopy of the stack (a), (e) cross-section from the side of the stack (b), and (f)
cross-sections from the side of the stack (c).
cells exposed to higher levels of average laminar shear stress
in mice aorta show thicker glycocalyx layer [13]. In the
presentstudy,theglycocalyxlayerofendothelialcellswasob-
served after various time periods at one shear stress level,
compared to static conditions. Here, 11dynes/cm2 shear
stress for 24 hours was shown to promote the formation
of a continuous layer of heparan sulfate on the surface of
endothelial cells. The heparan sulfate layer became more
prominent after 48 hours of exposure to shear stress. By con-
trast, in cells grown without shear under stationary condi-
tions, heparan sulfate was only detected at intracellular loca-
tions and not on the surface of the endothelial cells. In agree-
ment with previous studies, our data suggests that there is a
positive relationbetweenthethicknessoftheglycocalyxlayer
and the level and amount of shear sensed by the endothelial
cells.
Observations during the earlier stages of atherosclero-
sis have shown that there is an accumulation of macro-
molecules, especially low-density lipoproteins (LDL), in ar-
eas of low hemodynamic shear associated with atheroscle-
rotic plaque development. The passage of LDL through the
endothelial monolayer has been suggested to occur through
leaky junctions and by transcytosis, referred to, respectively,
as “transport” and “uptake” in this study. It was recently
shown that under pressurized “convective” conditions, 90%
of the LDL transport across the endothelial monolayer is
through “leaky” junctions associated with dying or dividing
cells [15].Theeﬀectofshearstressontransendothelialtrans-
port of albumin shows that the transport is acutely and re-
versibly sensitive to shear stress. The permeability increases
almost by a factor of two in response to shear stress applied
at 10dynes/cm2 compared to 1dyne/cm2 [12].
The uptake of macromolecules by receptor-mediated
transcytosis has been studied under shear stress [11, 16, 17].
The uptake of albumin into bovine aortic endothelial cells
(BAEC) under shear stress was lower at 3.0Pa relative to
1.0Pa and relative to static conditions [11]. Internalization
of radioactively labeled LDL was studied in BAEC exposed
to 24 hours pretreatment of shear stress at 30dynes/cm2 or
less than 1dyne/cm2. While continuously under shear, LDL
was then added to the cells and incubated under the same
respective pretreatment shear stresses for 2 or 24 hours. The
uptake of LDL was highest after 24 hours of incubation with
LDL in the BAEC that had been exposed to the pretreatment
shear stress of 30dynes/cm2 [16]. The stimulatory eﬀect of
shear stress on LDL uptake was recently conﬁrmed in an-
other set of experiments where conﬂuent BAEC showed a
higher LDL uptake when incubated with LDL under shear
stress of 1.0Pa compared to LDL uptake under static condi-
tions [17]. In the present study, PAEC pretreated with shear
stress at 11dynes/cm2 for 24 hours and subsequently incu-
bated with LDL for 1 hour under static condition showedIrmeli Barkefors et al. 7
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Figure 6: Eﬀect of PAO on uptake of LDL by PAEC grown under static conditions. The glycocalyx layer is visualized under the confocal
microscope through staining of heparan sulfate with FITC-conjugated lectin (green) and LDL added as DiI complex (red) after diﬀerent
times in culture. (a) Cells grown under static conditions for 24 hours and incubated with PAO together with FITC-conjugated lectins and
(b) cells grown under static conditions for 24 hours. Internalized LDL appear yellow when colocalized with heparan sulfate stain. (c) Cross-
sections of image stacks created with confocal microscopy of (a) and (d) cross-sections from the side of the stack of images of (b).
less LDL uptake than control cells pretreated for 24 hours
and incubated for 1 hour under static condition. It has been
previously shown that albumin uptake in BAEC is not signif-
icantly aﬀected by the uptake condition; such that the uptake
under static conditions and under continuous shear stress
equally reﬂect the pretreatment shear stress conditions that
thecellswereexposedtopriortotheuptakeexperiment[11].
For albumin, the uptake is, however, lower at shear stress of
30dynes/cm2,andhigherat10dynes/cm2,relativestaticcon-
ditions [16] as opposed to the increasing uptake observed for
LDL under shear stress [17]. The data presented here show
lower uptake of LDL in cells that have been exposed to shear
stress of 11dynes/cm2, compared to LDL uptake in cultures
exposed to static conditions. However, the uptake experi-
ments in this study were carried out under static conditions
as opposed to the previous studies on LDL uptake [16, 17]
which measured the uptake under continuous shear stress.
The present study shows that cells exposed to shear stress
at 11dynes/cm2 for 24 hours develop a border lining of hep-
aran sulfate (see Figure 1(a)) and that the continuous layer
of heparan sulfate on the endothelial cell surface is associ-
ated with limited uptake of LDL (see Figure 5(a))i nc o m -
parison to cells grown under static conditions lacking a hep-
aran sulfate layer (see Figures 1(c) and 5(c),r e s p . ) .T h ep r o -
tective role of the glycocalyx layer and heparan sulfate for
the onset of vascular disease by LDL uptake is complicated
by the ﬁnding that cellular uptake of LDL by endothelial
cells initiates through binding to heparan sulfate followed by
receptor-mediated endocytosis [18]. By contrast, the recep-
tor for LDL have been found to be inhibited by sulphonated
glucosaminoglycans, like heparan sulfate [19, 20]. Duan et
al. [21] have found that an increase in cell surface HSPG re-
duces atherogenic events including lipoprotein transport. In
PAEC, grown under static conditions, we detected intracel-
lular colocalization of the stains for LDL and heparan sulfate
suggesting that LDL and heparan sulfate are endocytosed as
ac o m p l e x( s e eFigure 6).
The nonoxidized LDL used in these experiments is pre-
dicted to bind the lectin-like LDL receptor and not the scav-
engerreceptorthatisresponsibleforuptakeofoxidizedLDL.
We cannot exclude that the added LDL are oxidized on the
cell surface where oxidative agents are released [22] although
it has been suggested that oxidation of LDL to a large extent
occurs below the endothelial cell layer [23].
The function of diﬀerent types of LDL receptors impli-
cated in the development of atherosclerosis is still also un-
clear. Lectin-like, oxidized low-density lipoprotein receptor-
1 (LOX-1) has been observed at elevated levels in atheroscle-
rotic areas [24], whereas another member of the LDL re-
ceptorfamily(low-densityreceptor-relatedprotein)hasbeen
suggested to protect the vascular wall against atherosclerosis
[25].
Experimental studies on the actual uptake of macro-
molecules into in vitro-cultured endothelial cells subjected8 Journal of Biomedicine and Biotechnology
to shear stress are conﬂicting possibly due to diﬀerent exper-
imental conditions that may trigger diﬀerent receptor mech-
anisms.HereweshowexperimentallythatLDLuptakeunder
static conditions into the endothelial cells by vesicular trans-
port is occurring less frequently in cells that have been previ-
ouslyexposedtoshearstress.Futuremoredetailedstudieson
the receptor mechanisms involved in shear-dependent LDL
uptake will be necessary to fully understand the function and
eﬀectofLDLuptakeinthedevelopmentofatheroscleroticle-
sion in areas of low shear stress, as well as conﬁrmation by in
vivo experiments of existing experimental data and mecha-
nisms suggested by model simulations.
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